1. Partial hydrolysates of phytic acid, containing mixtures of different polyphosphate esters of inositol, have been shown to be potent inhibitors of the calcification in vitro of ricketic rat cartilage and rat aorta; phytate itself was inert.
M A T E R I A L S A N D M E T H O D S
All experiments were performed with rats from an inbred Wistar strain maintained as a colony in this department. Weanlings initially weighing 3 0 4 0 g were used as source of ricketic cartilage. They were fed on a diet free of vitamin D and low in phosphorus (Lumb, Mawer & Stanbury, 1971) for 10 days before they were killed. In all other experiments the animals had been maintained from weaning on a standard laboratory diet (Chardex, No. GR/R/3) and they weighed 150-1 60 g.
Chemical
Phytic acid (Sigma Chemical Company, London, W.6, Type V sodium salt) was purified by precipitation as the insoluble ferric salt. The purified material was partially hydrolysed at pH 3.0, by the method of Arnold (1956) , to obtain mixtures of various inositol phosphates: the resulting solutions were adjusted to pH 7.4 before use. Inorganic orthophosphate (Pi) and total phosphorus (TP) were determined by a modification of the method of Fiske & SubbaRow (1925) ; the difference between the two values represented the organic phosphorus (OP) in the solution. As observed by Arnold (1 956), acid hydrolysis produced progressive dephosphorylation of phytic acid; the ratio of inorganic to total phosphorus (Pi : TP) increased with the duration of hydrolysis. Solutions with (Pi : TP) ratio between 0.2 and 0.67 were used in further experiments.
In vitro calcification
In the studies of calcification in vitro the standard incubating medium contained (mEq/l) Na+(133), C1-(106.5), HCO3-(30-5) and K'(4) and either Ca"(5.5 mg/100 ml) and P (5 mg/lOO ml) or Ca2+(8 mg/100 ml) and P (6 mg/100 ml). Phytic acid, hydrolysates of phytic acid or ethane-1-hydroxy-1,l-diphosphonate were added to this mixture in concentrations of 10-7-10-4 M-OP; when hydrolysates were used, appropriate adjustments were made to maintain the standard concentration of orthophosphate.
The technique used for studies of calcification of ricketic rat cartilage in vitro was similar to that originally described by Shipley, Kramer & Howland (1926) . Six slices were taken from the proximal ends of the tibiae of each of five ricketic rats and one slice from each animal was stained with AgN03 to establish the presence of rickets. The remaining slices were distributed into five Erlenmeyer flasks containing 50 ml of the standard incubating medium [ C a x P product = 27.5 (mg/100 ml)'] ; one slice from each animal was included in each flask. The pH of the medium was adjusted to 7.4 by bubbling with 5% C 0 2 and, after stoppering, the flasks were incubated for 24 h at 37~5°C in a mechanical shaker. After incubation the pH of the medium was measured and was not less than 7.30. The tissue slices were washed in ethanol and water and stained with AgN03. The degree of calcification was graded according to the scheme of Yendt, Connor & Howard (1955) : grade 0, no calcification; I + , a thin interrupted line of calcification across the mid-epiphysis; 2 + , a thin continuous line; 3 + , a thick continuous line; 4 + , a thick line of calcification extending into the metaphysis.
Calcification of rat aorta in vitro was studied by the methods of Rosenheim & Robinson (1934). The aortic arch was dissected out, rinsed and placed in an Erlenmeyer flask containing 50 ml of the standard medium with Ca x P product of 48 (mg/100 ml)'. Penicillin (5 mg/100 ml) and streptomycin (50 mg/lOO ml) were added to the flasks, which were gassed as before and incubated with shaking at 37~5°C for 72 h. The aortic arches were then rinsed, dried to constant weight at 110°C and ashed at 600°C. The calcium content of the ash was determined by atomic absorption spectrophotometry.
Vitamin D-induced aortic calcijication
Male rats with an initial weight of about 160 g were fed on the standard laboratory diet. Aortic calcification was induced by the oral administration of vitamin D, in a daily dose of 75000 IU (1.875 mg)/kg body weight for 5 days. Phytic acid, phytic acid hydrolysates, Pi, inositol or NaCl were injected subcutaneously each day for 14 days; the vitamin D was given from day 3 to day 7. In one experiment phytic acid was administered orally. On the 14th day the animals were killed and the whole length of the aorta and the kidneys were removed. The degree of aortic and renal calcification was assessed by measuring the calcium content of the tissues as described above.
RESULTS

Effects on in vitro calcification
Phytic acid hydrolysates with Pi : TP ratios of 0.35 and 0.67 were effective inhibitors of in vitro calcification of ricketic rat cartilage ( Fig. 1 ). Complete inhibition of calcification occurred with concentrations of organic phosphorus (OP) as low as M; partial inhibition at lo-' M. Neither phytic acid itself(0P M) nor completely hydrolysed solutions of phytic acid had detectable inhibitory action. Similar results were obtained with in vitro incubation of the aortic arch. Calcification was inhibited by the addition of partially hydrolysed phytic acid (Pi : TP 03) at a concentration of M-OP; ethane-1-hydroxy-1 ,I-diphosphonate had a comparable inhibitory effect (Table 1) . Phytic acid was again ineffective (OP hi).
4: I t I t I t
Eflects on vitamin D-induced aortic calcification in vivo
The subcutaneous injection of partially hydrolysed phytic acid or of phytic acid itself prevented the calcification of rat aorta induced by vitamin D (Table 2) . Phytic acid was effective in a single daily subcutaneous dose of 1 mg of OP/kg body weight; a daily oral dose of 50 mg phytateP/kg body weight was less effective but still gave significant protection against aortic calcification. Pi and inositol were each ineffective in preventing aortic calcification. None of the materials injected was effective in preventing calcification in the kidney ( Table 2) .
The serum concentration of calcium measured on the sixth day, after 5 days of treatment with vitamin D,, was significantly raised above control values. This effect of vitamin D treatment was not prevented by the concurrent subcutaneous injection of phytic acid in a dose of 10 mg of OP kg body weight-' day-' (Table 2) .
D I S C U S S I O N
These experiments demonstrate that inositol polyphosphates may exert an inhibitory effect on certain forms of tissue calcification.
With the in vitro system of cartilagenous and aortic calcification, this inhibition was limited to partially hydrolysed phytate and did not occur with unhydrolysed or completely hydrolysed phytate. This effect of phytic hydrolysates on calcification in vitro is greater than can be explained by phosphate binding of calcium ion in the incubating medium. The maximum reduction in available calcium after addition of lo-* M-OP is of the order of 10%. In these circumstances the effective Ca x P product in the incubating medium would be 25 (mg/100 ml)', a value sufficient to cause calcification of ricketic cartilage in the absence of inhibitors.
Conversely, aortic calcification in the vitamin D-intoxicated rat was prevented by the parenteral administration of either phytate or the products of its partial hydrolysis. If similar mechanisms were involved in preventing mineralization in the two types of experiment, this could imply that the injected phytate was converted by the recipient animal into one or more products potent as inhibitors. The enzyme phytase, which converts phytate into inositol and orthophosphate, has been demonstrated in the intestinal mucosa of the rat (Steenbock, and chick (Davies, Ritcey & Motzok, 1970) . Intermediate products of the action of phytase (Desjobert & Petek, 1956; Tomlinson & Ballou, 1962) and also of the acid hydrolysis of phytic acid (Desjobert & Petek, 1956; Cosgrove, 1962) , include the mono-, di-, tri-, tetra-and pentaphosphate esters of inositol. Thomas & Tilden (1972) have shown that di-and triphosphoesters of inositol are potent inhibitors of calcification in vitro, and it is likely that these substances account for the inhibitory effects of phytic hydrolysates observed in the present experiments. We are unaware of the demonstration of phytase in any tissue other than the intestine; but from the in vivo experiments it seems probable that the rat possesses the capacity to hydrolyse phytate introduced into its circulation. It is not known whether some small fraction of orally administered phytate is absorbed unaltered; or if inositol polyphosphates, produced by hydrolysis of phytate either within the lumen of the bowel or in the intestinal cell, can enter the circulating blood. The amount of oral phytate that appeared to provide significant protection against aortic calcification in the present experiments was very large (Table 2) . If, say, 1-2% of such an oral dose (i.e. -1 mg of phytate P/kg body weight) were to be absorbed, either as phytate or as some other inositol polyphosphate(s), it would probably escape detection by the techniques hitherto used to study the fate of orally administered phytate.
It is evident that inositol phosphates, in common with inorganic pyrophosphate (Fleisch, Russell & Strauman, 1966 ; Schibler, Russell & Fleisch, 1968) , long-chain condensed polyphosphates (Schibler et af., 1968) and the synthetic diphosphonates , possess the capacity to inhibit mineralization in vitro and also to prevent calcification in the living animal. In terms of their molar content of phosphorus, they appear to have about the same potency as the diphosphonates in the systems examined ( , 1969) , and they probably function as crystal poisons (Thomas & Tilden, 1972) . Like pyrophosphate and the polyphosphates (Schibler et af., 1968), the inositol phosphates were effective in preventing calcification in the rat aorta but not in the kidneys (Table 2) ; as has been suggested for the former compounds (Schibler et al., 1968) , this lack of effect on the kidney may be due to further hydrolysis of the potent materials by renal phosphatases.
Effects of inositol phosphates in the living animal have been studied so far only in the rat. We estimate that the puppies in Mellanby's experiments (1949 Mellanby's experiments ( , 1950 often received up to 60 mg of phytate-P kg body weight-' day-', which is about the same oral dosage as was partially effective in preventing aortic calcification in the vitamin D-intoxicated rat (Table 2) . In other experiments (L. F. Hill, G. A. Lumb & S. W. Stanbury, unpublished work), we have as yet obtained no convincing evidence that phytic hydrolysates can inhibit the mineralization of ricketic rat cartilage in vivo. It would be of interest to repeat Mellanby's studies in the dog, administering phytate parenterally rather than orally.
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